INTRODUCTION
============

Climatic warming over Antarctica has been a matter of grave consequence because even partial ice sheet collapse would have substantial impacts on hemispheric climate through freshwater discharge into the Southern Ocean ([@R1], [@R2]) and global climate through rising of the sea level ([@R1]). Half-century reconstructed Antarctic surface air temperature (SAT) data have revealed differing strengths and seasonalities in warming trends depending on subcontinental regions ([@R3]--[@R8]). Various local and remote factors have been suggested to explain the season-dependent spatially inhomogeneous trends ([@R7], [@R9]--[@R13]). Positive trends in the Southern Annular Mode (SAM) ([@R14]) in austral summer and autumn, which are attributed to stratospheric ozone depletion and increase in carbon dioxide ([@R9], [@R10], [@R12], [@R15]), are the most well-known factors explaining cooling over the ice sheet and warming over the Antarctic Peninsula (AP). However, explanations based on the positive SAM trend in austral summer and autumn have a limitation in clearly accounting for the broader rapid warming trend over West Antarctica \[i.e., the AP toward the West Antarctic Ice Sheet (WAIS)\] in austral winter and spring and weak all-season warming over the East Antarctic Ice Sheet (EAIS), which has been suggested by reconstructed datasets ([@R5], [@R7], [@R12]).

To resolve this limitation, new mechanisms relying on the atmospheric Rossby wave bridge from sea surface temperature (SST) forcing over the lower latitudes toward the West Antarctic sector have been proposed ([@R7], [@R11], [@R16]). However, these explanations do not fully account for amplified warming over the entire West Antarctica, the outstanding pattern of the half-century trend ([@R13], [@R17]). The warming of tropical Atlantic SSTs was proposed as a factor to warm the AP in austral winter by strengthening the Amundsen Sea Low (ASL) ([@R16]). However, the tropical--West Antarctic connection is not readily applicable to explaining the trend because the teleconnection is derived at the subdecadal time scale after removing the linear trend, and in austral winter, there has been neither a strengthening trend in the ASL ([@R18]) nor a trend in the dominant Rossby wave pattern \[i.e., the Pacific--South American (PSA) pattern ([@R19])\] consistent with observed warming over West Antarctica ([@R17]).

Because of the abundant efforts given toward observation, reconstruction, and numerical modeling, uncertainties in the formation of spatial patterns and seasonalities in Antarctic climate change have been considerably resolved over the last two decades. However, this issue remains a daunting challenge because of its fundamental linkage with the multidecadal natural variability in the coupled ocean-atmosphere climate system. There are inherent difficulties in understanding multidecadal time scales arising from insufficient modern instrumental records, uncertainties in the reconstructed proxy records, and imperfect numerical models.

Although multiple mechanisms, including both forced and natural origins, contribute to the west-east asymmetry of Antarctic climate change in complicated ways, this pattern should primarily be manifested through internal factors within Antarctica. On the basis of this idea, we aim to prove that the asymmetry of the temperature trend comes from the robust high-latitude mode of multidecadal natural variability, inducing inverse temperature anomalies between the two subcontinents that internally originate in and around Antarctica. Here, "internal origin" implies that the phenomenon originates primarily from high latitudes, combined with WAIS-EAIS topographical distinction and winter amplification of the atmospheric dynamical response to multidecadal SST variability in the Amundsen-Bellingshausen seas (ABS) ([@R20]--[@R22]).

RESULTS
=======

Recent climate change in Antarctica
-----------------------------------

[Figure 1A](#F1){ref-type="fig"} shows the trends in annual-mean Antarctic SATs during 1958--2012 from the reconstructed data (NB2014) ([@R12]), with the trends in the annual-mean SSTs over the surrounding ocean from the Hadley Centre sea ice and SST dataset version 1 (HadISST1) ([@R23]). The stronger warming trends prevail over West Antarctica, mainly contributing to the continental average warming trend ([Fig. 1D](#F1){ref-type="fig"}) ([@R5]). The SAT trend pattern suggests the possibility of decomposing a physical climate mode concerning amplified warming over West Antarctica. Thus, we apply the empirical orthogonal function (EOF) analysis to annual-mean SATs over Antarctica, which yields the first EOF mode (EOF1) representing single-signed variability over the entire continent ([Fig. 1B](#F1){ref-type="fig"}) and the second EOF mode (EOF2) representing a seesaw pattern with its node along the Transantarctic Mountains (TAM) ([Fig. 1C](#F1){ref-type="fig"}). The leading two EOF modes are nondegenerate by the calculation of sampling error estimates (see fig. S1) ([@R24]). It is noted that these patterns are slightly different from those of the monthly satellite-derived surface temperatures during 1982--1999 ([@R25]), in which EOF2 had smaller explained variances and EOF1 had larger EOF loadings over the EAIS. The EOF sensitivity tests indicate that the difference between our case and a previous work by Schneider *et al.* ([@R25]) mainly originates from the input data but not from the temporal resolutions of the input time series (e.g., annual-mean, seasonal-mean, or monthly-mean time series) or from the start and end years of the time series (see Materials and Methods and figs. S2 to S5). In addition, the same signed variation over both the AP and WAIS in the EOF2 occurs only during the long-term period but not in the short-term period, regardless of the temporal resolution. This suggests that there may exist same-signed low-frequency variability over the AP and WAIS. Corresponding principal components (PCs) present common increasing trends, but the EOF2 PC has more pronounced multidecadal fluctuations embedded in the trend ([Fig. 1D](#F1){ref-type="fig"}). In the concurrent positive phase of the two modes, West Antarctica experiences substantial warming by the reinforcement of the two modes, while over East Antarctica, opposite-signed variabilities in the two modes lead to weak warming.

![Annual-mean trend and two leading modes of Antarctic surface temperature during 1958 to 2012.\
(**A**) Trends in the SAT (in K decade^-1^) and SST (in K decade^-1^) and (**B** and **C**) the two leading EOFs of the annual-mean SAT during 1958 to 2012 and its regressed SAT (in K, shading over Antarctica), 300-hPa geopotential height (in meters, contour), and SST (in K, shading over the ocean). The dark gray line in (A) indicates the dividing boundary for East and West Antarctica. (**D**) Year-to-year variations in the average over all of Antarctica (in K, red line), the corresponding PC of EOF1 (unitless, blue line) (top), the difference between West and East Antarctica (in K, red line), and the corresponding PC of EOF2 (unitless, blue line) (bottom). The thick lines indicate 10-year running means. (**E**) Seasonal characteristics of the second EOF PC: correlation coefficients with the second EOF PC of seasonal mean SAT (unitless, red bar), the difference between West and East Antarctica in regressed seasonal mean SAT (in K, green bar), and area-averaged heights over the 60°S to 85°S, 150°W to 50°W in regressed seasonal mean 300-hPa geopotential height (in meters, blue bar).](aaz1490-F1){#F1}

The SST trends for the same period show a zonal asymmetry in their signs between the ABS sector and the surrounding Antarctic seas ([Fig. 1A](#F1){ref-type="fig"}). Although few observations over the Southern Ocean result in large uncertainties in the SST data, the overall pattern of the SST trends surrounding Antarctica is reasonable based not only on the previous analyses on the trends in Southern Ocean SSTs and sea ice cover since 1979 ([@R26]) but also on the estimates from the HadSST3 observations ([@R27]). While warming over the ABS sector has paused since the early 2000s ([@R28]), the area-averaged cooling over the rest of the surrounding seas has continued during the analysis period from 1958 to 2012 (fig. S6). It is noted that the slowdown in the SST warming trend over the ABS sector concurrently occurred with that in the increasing trend in the indices of the EOF2 PC and west-east SAT difference. This indicates the critical role of atmosphere-ocean coupling over the ABS sector in forming the EOF2 PC of Antarctic SATs.

The regressed patterns of SSTs and 300-hPa geopotential heights corresponding to the two EOFs show that EOF1 is associated with the single-signed change in Antarctic air masses and the wavy SST change from the outer Weddell Sea sector to the Southeast Indian Ocean sector through the Amundsen-Ross seas ([Fig. 1B](#F1){ref-type="fig"}), forming a wave number 3 structure that is one of the prominent features of the Southern Hemisphere extratropical circulation ([@R29], [@R30]). By contrast, EOF2 presents a similar pattern to that of the SST trends seen in [Fig. 1A](#F1){ref-type="fig"}, with the dipolar redistribution of Antarctic air masses ([Fig. 1C](#F1){ref-type="fig"}). The greater resemblance of the spatial trend pattern derived in EOF2 ([Fig. 1C](#F1){ref-type="fig"}) to that of the trend ([Fig. 1A](#F1){ref-type="fig"}) indicates its critical role in illustrating the recent Antarctic surface temperature trend. EOF1 can be interpreted as a SAM pattern mixed with a PSA-1 pattern. Individual correlations of the EOF1 PC with various climate indices, such as the SAM, PSA-1, PSA-2 ([@R19]), and three El Niño--Southern Oscillation (ENSO) indices (NINO3, NINO3.4, and NINO4), yield the largest coefficient for the SAM (−0.39), followed by that for the PSA-1 (−0.25) ([Table 1](#T1){ref-type="table"}). From the EOF sensitivity tests, the SAM and PSA together induce single-signed variability over most of Antarctica, resembling the regressed pattern of EOF1 (fig. S7). On the other hand, EOF2 has a trace of the PSA-2 in the regression pattern, with its PC having the best correlation with the PSA-2 index (−0.41) ([Table 1](#T1){ref-type="table"}). The linkage of EOF2 with the PSA-2, being maximized in austral winter, is more persistent for all seasons than those of EOF1 with the SAM or PSA-1, which was also recognized in the previous study ([@R25]). From the regression and correlation analyses, the west-east asymmetric mode in Antarctic SATs ([Fig. 1A](#F1){ref-type="fig"}) is likely to be forced by asymmetric SST variability between the ABS sector and the rest of the seas surrounding Antarctica, which looks to be more relevant to the PSA-2--type high-latitude atmospheric variability.

###### Correlation coefficients of the two leading modes with climate indices.

Correlation coefficients of the two leading modes of annual-mean surface temperature with the following climate indices: SAM, Pacific South America (PSA)--1, PSA-2, NINO3, NINO3.4, and NINO4. The bold values indicate that the correlation coefficient is significant at the 99% confidence level. For the Student's *t* test, we reduced the number of degrees of freedom by using the effective sample size.

  -------------------------------------------------------------------------------------------------------------------------------------
                **EOF1**\   **EOF2**\   **EOF1**\   **EOF2**\   **EOF1**\   **EOF2**\   **EOF1**\   **EOF2**\   **EOF1**\   **EOF2**\
                **(ANN)**   **(ANN)**   **(DJF)**   **(DJF)**   **(MAM)**   **(MAM)**   **(JJA)**   **(JJA)**   **(SON)**   **(SON)**
  ------------- ----------- ----------- ----------- ----------- ----------- ----------- ----------- ----------- ----------- -----------
  **SAM**       **−0.39**   0.16        **−0.49**   0.11        **−0.66**   −0.13       **−0.67**   0.08        −0.29       0.18

  **PSA-1**     −0.25       −0.25       **−0.44**   0.03        −0.17       −0.14       −0.19       −0.17       **−0.49**   0.09

  **PSA-2**     0.10        **−0.41**   **0.43**    −0.26       −0.04       **−0.46**   0.01        **−0.47**   −0.17       **−0.36**

  **NINO3**     −0.15       −0.07       0.17        −0.09       0.02        −0.03       −0.03       −0.03       −0.12       0.12

  **NINO3.4**   −0.11       −0.17       0.19        −0.11       0.08        −0.09       0.03        −0.05       −0.15       0.09

  **NINO4**     0.21        −0.20       0.26        0.00        0.11        −0.13       0.18        −0.11       −0.03       −0.05
  -------------------------------------------------------------------------------------------------------------------------------------

Seasonality is key to understanding the mechanism behind Antarctic climate change ([@R7], [@R13]). The EOF2 PC of annual-mean SATs shows the largest correlation with that of winter \[June-July-August (JJA)\] mean SATs (red bars in [Fig. 1E](#F1){ref-type="fig"}). The west-east SAT difference (green bars in [Fig. 1E](#F1){ref-type="fig"}) and the 300-hPa geopotential height averaged over the domain of 50°W to 150°W, south of 60°S (blue bars in [Fig. 1E](#F1){ref-type="fig"}) are also largest in EOF2 of the winter mean SATs. While the largest warming over West Antarctica since 1958 occurred in austral spring ([@R7], [@R12], [@R13]), warming over West Antarctica and cooling over East Antarctica are apparent in JJA ([@R12]). The EOF2 spatial pattern also amplifies in winter (fig. S2). Thus, it is concluded that EOF2 is the mode that is amplified in austral winter, forming the west-east SAT asymmetry in Antarctic climate change. This is partly illustrated on the basis of the statistics that the PSA-2 type is most frequently observed in winter ([@R31]).

Representation in climate models
--------------------------------

Modern instrumental records over Antarctica are too short to illustrate the potential multidecadal natural variability in these climate modes. Furthermore, the single observational representation limits our confidence in elucidating the nature of the variability. Therefore, climate model simulations are valuable for complementing observational deficiencies over Antarctica. Thus, we examine the widely used multimodel data from the Coupled Model Intercomparison Project phase 5 (CMIP5) ([@R32]). A common basis function (CBF) analysis, which is a useful tool to reveal the observed mode in the model world ([@R33]), also reveals the two leading modes in the historical simulations of 38 CMIP5 models for the same period of 1958--2012 ([Fig. 2, A and B](#F2){ref-type="fig"}). Most CMIP5 models simulate two observed modes with amplitudes of more than 0.8 ([Fig. 2C](#F2){ref-type="fig"}). The marks near the amplitude with a value of 1 on the *x* axis indicate that the models simulate the observed variability with almost the same intensity in the variance of the PC time series. In addition, the physical and seasonal characteristics of the leading modes are well simulated by the CMIP5 models. Relationships of the leading modes with SSTs and 300-hPa geopotential heights are consistently found in their regressed patterns, including the zonally wavy SST relationship in the first mode ([Fig. 2, A and B](#F2){ref-type="fig"}). The seasonality of the second mode in surface asymmetry is also found in the CMIP5 multimodel mean values ([Fig. 2D](#F2){ref-type="fig"}).

![Two leading modes of the annual-mean Antarctic surface temperature and their characteristics during 1958 to 2012 in the CMIP5 historical simulations.\
(**A** and **B**) Multimodel mean (MMM) regression pattern of annual-mean SAT (in K), SST (in K), and 300-hPa geopotential height (in meters) in the 38 CMIP5 models for the (A) first and (B) second EOF modes of NB2014 by CBF analysis. (**C**) Scatterplot of the amplitudes and trends (in K decade^-1^) of the PC time series from the CMIP5 models normalized by the SD of the NB2014. The amplitudes are defined by the ratio of the CMIP5 model to the NB2014. (**D**) MMM characteristics of the second EOF mode of Antarctic SAT during each season: correlation coefficients of the second EOF PC of seasonal mean SAT with annual-mean SAT (unitless, red bar), the difference between West and East Antarctica in regressed seasonal mean SAT (in K, green bar), and area-averaged heights over the 60°S to 85°S, 150°W to 50°W in regressed seasonal mean 300-hPa geopotential height (in meters, blue bar). Whisker lines for the blue bar are not shown according to their large range.](aaz1490-F2){#F2}

This consistency of the two climatic modes in the CMIP5 models, as in NB2014, suggests the robustness of these modes in accounting for the change in Antarctic SATs. The first mode robustly shows an increasing trend in the CMIP5 models, as it does in the observations (see the red circles in [Fig. 2C](#F2){ref-type="fig"}). The strengthening of the first mode under global warming in NB2014 and the CMIP5 historical simulations suggests that this mode might be closely linked to a global temperature rise. This can also be inferred from the substantial across-model correlation between the simulated global mean temperature trend and the amplitude of the first mode in the CMIP5 models (*r* = 0.61). However, the second mode shows a weak negative trend in multimodel mean values in contrast to the increasing trend in the observations. Discrepancies in the second mode might be one of the reasons why the CMIP5 models could not capture recent Antarctic asymmetric trends ([@R13]).

To find robust evidence for the characteristics of the two modes in the longer period, we further analyze multiple datasets of long-term Antarctic surface temperatures, including proxy-based reconstruction data and climate modeling results: surface temperature reconstruction for the last 2000 years (PAGES Antarctica2k) ([@R34]), two long-term modeling results from the mid-Holocene \[LOVECLIM and TraCE-21K ([@R35])\], and four simulations for the 20th and 21st centuries by CESM1 (see Materials and Methods). Despite the diversity of data sources, all datasets consistently show the first mode explaining the same change across the entire Antarctic and the second mode presenting the asymmetric change over Antarctica in the EOFs of Antarctic surface temperatures ([Fig. 3](#F3){ref-type="fig"}). The spectra analysis shows that second PCs have interannual variabilities in all datasets and multidecadal variabilities in datasets longer than 1000 years.

![Two leading modes of the Antarctic surface temperature and their power spectra from diverse datasets.\
Regression patterns of surface temperature (in K) for the first and second EOFs, and power spectra of their corresponding PCs from the (**A**) NB2014, (**B**) PAGES Antarctica2k, (**C**) LOVECLIM, (**D**) TraCE-21K, and 4 CESM simulations under the CMIP5 scenarios: (**E**) historical natural forcing only, (**F**) historical greenhouse gases forcing, (**G**) RCP4.5, and (**H**) RCP8.5. The red and blue solid lines indicate the spectra of the first and second EOFs, respectively. Dashed lines indicate the significant limits at the 95% confidence level. The explained variance in the EOF mode is written in the upper-right corner of each EOF mode.](aaz1490-F3){#F3}

In addition, the first PCs from all datasets reflect the long-term variation in radiatively forced global-scale climate change: a gradual cooling from the mid-Holocene to the present (LOVECLIM); an abrupt warming after a long-term cooling trend, shaped similarly to a hockey stick, during the last two millennia (PAGES Antarctica2k); and a sustained warming in the historical and future simulations under greenhouse gas (GHG) influences by CESM1-CAM5 ([Fig. 4A](#F4){ref-type="fig"}). In contrast, all of the second PCs do not display any secular trends reflecting global-scale climate change ([Fig. 4B](#F4){ref-type="fig"}). Comparing the CESM1 simulations under different global-scale forcings verifies the role of leading modes in Antarctic surface change ([Fig. 4A](#F4){ref-type="fig"}). In the historical simulation without GHG forcing, the first PC has no long-term trend. The 20th century historical simulation under GHG forcing and the 21st century simulations with the RCP4.5 and RCP8.5 scenarios, however, consistently show an increasing trend in the first PC. Another noticeable feature in future scenario runs is the increases in the explained variance of EOF1 as global warming intensifies, indicating that increasing surface temperatures across Antarctica might dominate over the west-east asymmetric temperature change ([Fig. 3](#F3){ref-type="fig"}). In all of these simulations, the second PC has no long-term trend ([Fig. 4B](#F4){ref-type="fig"}), which is consistent with previous results, and its explained variance decreases with the increase in GHG forcing ([Fig. 3](#F3){ref-type="fig"}). That is, all of these results strongly suggest that the first mode is closely linked to global-scale climate change, while the second mode might be associated with the internal variability within the Antarctic environment.

![Temporal evolution of the two leading modes in various datasets covering the last 6000 years.\
PCs of the (**A**) first and (**B**) second EOFs for annual-mean surface temperature from the LOVECLIM (blue), PAGES Antarctica2k (red), CESM1 historical-GHG (yellow green), CESM1 historical-NAT (green), CESM1 RCP4.5 (purple), and CESM1 RCP8.5 (dark red) datasets. The thick lines indicate the 20-year running mean of each PC. All PCs are rescaled with the SD of the PC from LOVECLIM.](aaz1490-F4){#F4}

Self-sustained asymmetric Antarctic climate variability
-------------------------------------------------------

The fact that the second mode consistently shows no relationship with external global-scale forcing changes in the diverse datasets suggests that this variability could be manifested by climate factors in the Antarctic and adjacent regions. The Antarctic topographical distinction between the WAIS and EAIS, divided by the TAM, could be a major factor because it differentiates any influence on Antarctica between the two ice sheets. Thus, we perform sensitivity experiments on changing Antarctic terrains using a coupled atmosphere-ocean model to demonstrate whether the topographical distinction is a key factor behind the asymmetric climate mode. With the current Antarctic terrain, the coupled atmosphere-ocean model produces an asymmetric mode similar to that observed in terms of the spatial pattern ([Fig. 5A](#F5){ref-type="fig"}). The experiment with the flattened EAIS shows that the asymmetric mode becomes stronger with the expansion of the West Antarctic warm region farther toward East Antarctica ([Fig. 5B](#F5){ref-type="fig"}). In contrast, the elevated WAIS experiment produces a weak asymmetry with the negligible West Antarctic warming ([Fig. 5C](#F5){ref-type="fig"}).

![West-East Antarctic asymmetric modes according to the Antarctic terrain.\
Regressions of the annual-mean surface temperature onto the EOF mode representing the east-west Antarctic asymmetry from coupled atmosphere-ocean model experiments with three different Antarctic terrains: (**A, D,** and **G**) current Antarctic terrain, (**B**, **E**, and **H**) East Antarctic terrain lowered to 1500 m, and (**C**, **F**, and **I**) West Antarctic terrain elevated with a factor of 2. The explained variances in these asymmetric modes are 19.6, 33.0, and 20.7%, respectively. Shading over the Antarctic continent, shading over the ocean, and the black contour lines in the top panels indicate the regression patterns of the annual-mean SAT (in K), SST (in K), and 300-hPa geopotential height (in meters), respectively. The thick gray contour line over the Antarctic continent indicates the elevation of the terrain. Shading and contour lines in the middle panels indicate the regressions of air temperature (in K) and geopotential height (in meters) for each asymmetry mode along the great circle line from 160°W 60°S (a) to 55°E 60°S (b) \[the dashed purple line on (A)\], respectively. Vector and shading over the ocean in the bottom panels indicate the regressions of ocean surface current and its meridional component for each asymmetry mode, respectively.](aaz1490-F5){#F5}

From these experiments, we can deduce the role of the Antarctic topographic layout in controlling the tropospheric circulation and consequent SAT variation over Antarctica. The current lower West Antarctic terrain allows warm air to be advected from the Amundsen-Ross seas to West Antarctica, while the steep TAM hinders warm air from flowing toward East Antarctica. Across the heated West Antarctic coastal region, the barotropic anticyclone system develops, which can reinforce warm advection from the Amundsen-Ross seas ([Fig. 5, D and E](#F5){ref-type="fig"}). The heat transport by synoptic eddy activity over the west Antarctic coastal region contributes to reinforcement in warm air advection ([@R36]), and the contribution of synoptic eddy activity could increase under the flattened Antarctic topography ([@R37]). In addition, the anticyclone system also enforces southward meridional oceanic flow over the ABS by Ekman transport, which supplies warm water from the extratropics to these seas ([Fig. 5, G and H](#F5){ref-type="fig"}). Eventually, the warmer land surface, the development of the anticyclone system, and the warmer ocean surface together strengthen the warming over West Antarctica by promoting each other. The mutual cooperation of these factors can be confirmed in the two altered terrain experiments. The absence of the TAM preferentially enforces warm advection to the central Antarctic and, in turn, strengthens the asymmetry by promoting all of these contributing factors ([Fig. 5, B, E, and H](#F5){ref-type="fig"}). In contrast, the higher WAIS preferentially prevents warm advection from the adjacent ocean and consequentially weakens the asymmetry by breaking the mutual cooperation ([Fig. 5, C, F, and I](#F5){ref-type="fig"}). That is, the harmony of the atmosphere-ocean coupled feedback over the ABS and the Antarctic terrain can induce the west-east asymmetric natural variability in Antarctic surface temperature. The formation of the anticyclonic system over the coastal ABS region by the mutual processes seems to be a key factor to explain seasonality because the polar barotropic anticyclone system can be developed by surface warming more dominantly during cold seasons ([@R38], [@R39]).

To isolate the individual roles of the tropical Pacific (15°S to 15°N, 150°E to 60°W) and the West Antarctic Ocean (55°S to 90°S, 150°E to 60°W) on the Antarctic climate asymmetry, we conduct additional atmospheric model experiments by prescribing SSTs obtained from the coupled model experiment (fig. S8A). The experiment with isolated tropical Pacific SST forcing shows a prominent teleconnection response of geopotential heights toward Antarctica with a wintertime SAT warming response over East Antarctica as well as West Antarctica (fig. S8, B to F). The experiment with isolated West Antarctic SST forcing also displays an apparent winter-maximized asymmetric temperature response, even though the response of geopotential height is relatively weaker (fig. S8, G to K). These results lead us to conclude that (i) the tropical forcing contributes more to the response of the upper-tropospheric anticyclonic circulation, and (ii) the Antarctic near-surface west-east asymmetric pattern is better represented by the regional West Antarctic SST forcing. However, it should be noted that neither can be regarded as "proven" without question because the atmospheric model lacks the role of atmosphere-ocean coupled interaction. Therefore, an additional coupled model sensitivity experiment, in which the tropical Pacific is partially prescribed with climatological SSTs, is needed for the comparison with the baseline coupled model experiment. This is beyond the scope of this study.

DISCUSSION
==========

The model experiments conducted by CESM1 were not enough to fully confirm the roles of different regional SST forcings. Thus, we try to reinforce our logic weighted to the local atmosphere-ocean coupled feedback off West Antarctica through inference by comparing the regressed SST patterns among HadISST1, 38 CMIP5 models (CMIP5 MMM), and CESM1 onto their respective normalized EOF2 PC time series (fig. S9). In the tropics, there are large discrepancies between the observation and models, i.e., tropical central Pacific cooling in HadISST1, overall tropical and midlatitude cooling in CMIP5 MMM, and El Niño in CESM1. The large discrepancy in the tropical pattern associated with the Antarctic asymmetric mode implies that the dominant contribution of the tropical SST forcing to the upper-tropospheric anticyclonic circulation over West Antarctica cannot be generalized. By contrast, the consistent pattern of the warmer ABS SST is seen over the Southern Hemisphere high-latitude ocean. On the basis of this fact, it is natural to determine that the regional SST anomalies around Antarctica are the essential component for the asymmetry. The consistency between the observation and models over the high-latitude ocean enables us to think it reasonable to argue the harmony of the atmosphere-ocean coupled feedback off West Antarctica and the Antarctic terrain to generate the Antarctic west-east asymmetric natural variability.

In the asymmetric mode of Antarctic SATs, multidecadal variability is found in the long paleoclimate datasets of PAGES Antarctica2k, LOVECLIM, and TraCE-21K. This suggests that the enhanced asymmetric trend between West and East Antarctica during recent decades could be a manifestation of multidecadal variability. The linkage between the climatic conditions over the ABS and the Antarctic surface asymmetry at different time scales seems to determine time scales with either interannual or multidecadal variabilities. First, because the atmospheric Rossby wave bridge makes the connection between the tropics and west Antarctic surface climate ([@R7], [@R11], [@R16]), strong interannual variability in the tropics, such as ENSO, might contribute to variability in the Antarctic asymmetric mode. On the other hand, different seasonalities in the interaction between the atmosphere and ocean could alter the interannual variability because the interaction between sea level pressure and surface temperature over the Bellingshausen Sea has strong seasonality. Their correlation coefficients shift from negative during austral summer (*r* = −0.17 for February) to positive during austral winter (*r* = 0.53 for August). This seasonality contributes to the wintertime development of the asymmetric mode, including the increase in surface temperature and the high-pressure system over this region, but disturbs the persistence of asymmetry in the following warm season. Second, the long-term variability in the ocean over the West Antarctic coastal region seems to play a role in producing multidecadal periodicity. There have been some reports on long-term variability of the ocean in this region via ocean circulation changes ([@R20], [@R21], [@R26]). Possible roles of the ocean through the ASL have been suggested ([@R20]), but the relationship between the ocean and ASL is not immediately clear.

The climatic modes in this study suggest an important implication for future climate change in East Antarctica under global warming. The two future climate change experiments suggest that the explained variance in the first mode is much higher in the 21st century, while the second mode diminishes. The characteristics of the two modes strongly suggest that if global warming continues, a substantial temperature increase over East Antarctica may occur in addition to ongoing West Antarctic warming. The asymmetric mode will persist at its own pace in the future, even under global warming, but its role may not be as great as it is now. The intensified global warming over all of Antarctica in the future can induce massive melting of the ice shelves, even in East Antarctica. This explains why we have to keep an eye on Antarctica as global warming continues, despite the recent mitigation of warming in the eastern part of the region, due to the asymmetric nature of climate change.

MATERIALS AND METHODS
=====================

Datasets
--------

We used the monthly surface temperature data from 1958 to 2012 reconstructed by Nicolas and Bromwich ([@R12]). This dataset was reconstructed with a new temperature record from Byrd station (80°S 119.5°W) in the WAIS that was not included in the previous Antarctic surface temperature reconstructions. Therefore, this dataset might be more vital for presenting past temperature changes in West Antarctica than other reconstructions. For the last two millennia, PAGES-2K Antarctic surface temperature reconstruction based on ice-core proxies (PAGES Antarctica2k) ([@R34]) was conducted. The 300-hPa geopotential height field from JRA55 ([@R40]) and SST of the HadISST1 ([@R23]) and HadSST3 ([@R27]) datasets for the period of 1958--2012 were used.

Surface temperature, SST, and 300-hPa geopotential height in the historical and RCP4.5 simulations by the 38 CMIP5 models ([@R32]) were combined for the period of 1958--2012. The simulation results from 6 thousand years (ka) before present (B.P.) to 1 ka B.P. were extracted from TraCE-21K ([@R35]). In addition, the CESM1-CAM5 simulations under the historical-GHG, historical-NAT, RCP4.5, and RCP8.5 scenarios were used to compare the effect of global-scale radiative forcing on present and future climate.

Model experiments
-----------------

We conducted two climate models in this study: LOVECLIM ([@R41]) and CESM1 ([@R42]). The LOVECLIM, the Earth system model of intermediate complexity, was used to produce climate change from 6 ka B.P. to 0 B.P. under changing orbital conditions. In the LOVECLIM experiment, we chose the atmosphere, ocean/sea-ice, and land component models. In addition, CESM version 1.2 was used for sensitivity experiments. Fully coupled settings (atmosphere, land, ocean, and sea ice) under preindustrial conditions were selected to examine the effect of Antarctic terrains with three different topographies. We performed simulations for 200 years with the current Antarctic topography and two additional topographies by flattening the East Antarctic region to 1500 m and by elevating the West Antarctic region with a factor of 2. We used the last 100 years of these results. In addition, atmosphere-only setting was applied to investigate the role of isolated SST anomalies over the tropical Pacific (15°S to 15°N, 150°E to 60°W) and the West Antarctic Ocean (55°S to 90°S, 150°E to 60°W) for the Antarctic climate asymmetry. For the experiments, the composite SST and sea ice anomalies were obtained from the fully coupled experiment by selecting cases of the large positive phase (above 1.5σ) of the Antarctic asymmetric mode (i.e., EOF2) (fig. S8A). In addition to the baseline experiment, where the climatological SST and sea ice from the coupled model experiment were prescribed, two sensitivity experiments respectively with composite SST anomalies of the tropical Pacific and the West Antarctic sector were performed. These atmosphere model simulations were integrated for 50 years.

The analysis for the leading modes of Antarctic surface temperature
-------------------------------------------------------------------

We used EOF analysis to find the leading modes in Antarctic surface temperature. The EOF analysis was performed to surface temperature over the entire Antarctic continental area during the entire years of each dataset. The PAGES Antarctica2k dataset has different periods per grid point (e.g., region), so we chose the East Antarctic Plateau and WAIS regions, which can represent East and West Antarctica, respectively, and fully cover the last two millennia in this dataset.

To compare previous EOF analysis results based on different periods (1982--1999) and datasets (satellite-derived surface temperatures) ([@R25]), we performed EOF analysis with monthly, annual-mean, and seasonal-mean values from NB2014 for the two periods of 1958--2012 and 1982--1999 (figs. S1 to S4).

The CBF analysis was used to examine the leading modes for the Antarctic surface temperature in the historical simulations by the CMIP5 models ([@R33]). In the CBF analysis, the model anomalies were projected onto the observed EOF. In this study, we projected the two leading modes of annual-mean surface temperature from NB2014 to the modeled surface temperature anomalies for the same period as that of the observations (1958--2012), combined with the CMIP5 historical and RCP4.5 simulations. With this projection, we fetched the PCs of the two observed EOFs from the CMIP5 models. All datasets were interpolated to 2.5° by 2.5° before performing the CBF analysis.
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